We have found highly predictable patterns of protooncogene expression in cell lines and tumor tissue of neuroblastoma (NB), a tumor of the peripheral nervous system (PNS). These patterns make it possible to recognize two different genetically definable subgroups among histopathologically indistinguishable tumors. Additionally, we have identified a difference in neurotransmitter biosynthetic enzyme activity in these two subgroups of NB. The patterns of protooncogene expression and neurotransmitter biosynthetic enzymes suggests that these tumors arise in different cells of the PNS.
Introduction
Neuroblastoma (NB)' is a tumor of the peripheral nervous system that is thought to arise in primitive cells derived from the embryonal neural crest. 50% of advanced stage neuroblastoma tumor tissues have been found to have variable levels of amplification of the N-myc gene (1) , and it has been suggested that amplification and expression of this gene is associated with rapid clinical progression of this highly malignant neoplasm (2) . We have recognized a subgroup of NB tumors that are characterized by a specific chromosomal rearrangement, t(l 1;22) (q24; q 12) (3). Although these tumors are histologically indistinguishable from primitive NB characterized by the amplification of the N-myc oncogene (NB-N), they do have a number of clinical features by which they can be recognized and therefore have been called neuroepithelioma (NE) (3) .
Although NB-N occurs in early childhood and presents typically in the adrenal gland or at other sites ofknown sympathetic nervous system tissue, NE most frequently occurs in older children and young adults and seems to most frequently present on the chest wall or in an extremity (4) . It is likely that most cases of adult neuroblastoma (5, 6) or peripheral neuroblastoma (7, 8) , as well as the small round cell tumor of the chest wall, Askin's tumor (4) , are all neuroepithelioma. These clinical differences complement the observation that, immu-nocytochemically, NE, but not NB-N, expresses class I histocompatibility antigens (9) .
To further characterize these two closely related tumors, we examined the relative levels and patterns of protooncogene expression in NE and NB-N. Protooncogenes are the normal cellular homologues of retroviral oncogenes (10) . These genes are highly conserved throughout evolution and are likely to be important for normal cellular functions such as proliferation, growth, and differentiation (1 1-15) . In general, studies examining protooncogene expression in specific human tumors report a highly variable pattern of expression, and the level of expression in different specimens of any particular tumor type is usually unpredictable (16) (17) (18) Nl000, TC-32, N1008, N1016, N1043 (22), SK-N-MC (23), and CHP-100 (24) were utilized in this study.
Enzyme assays. NE and NB-N cell lines were plated into 150-mm tissue culture dishes in RPMI 1640 supplemented with 15% fetal calf serum, incubated at 370C with 5% CO2, and cells were harvested at confluence. The cells were mechanically detached from the dishes, frozen at -70'C and assayed for neurotransmitter biosynthetic enzyme activity as previously described (25) . The values represent the mean of triplicate assays on replicate cultures that were coded before assay. The activity ofthe neurotransmitter biosynthetic enzymes, tyrosine-hydroxylase (TH), dopamine-B-hydroxylase (DBH) and cholineacetyl-transferase (CAT) is expressed as the amount ofproduct formed per hour per milligram of protein.
Isolation and analysis of nucleic acids. High molecular weight DNA was prepared as previously described (26 
Results
Histopathology ofNE and NB-N. Primitive NE and NB-N are tumors of the peripheral nervous system that exhibit subtle, though unmistakable features of neuronal differentiation. A histologic comparison of these tumors and cell lines derived from them is shown in Fig. 1 . Light microscopic examination of a NB-N tumor (A) and a NE tumor (E) reveals clusters of morphologically undifferentiated, cohesive, round cells in which few if any distinguishing characteristics such as Homer Wright rosettes (4) or ganglion cells are seen. In tissue culture, cell lines derived from NB-N and NE tumors (B, F, respectively) are substrate-adherent with neuritic processes characteristic of neural cells in culture. Low magnification electron microscopy (EM, uranylacetate/lead citrate, X 7,000) of NB-N and NE cell lines reveals ultrastructural features of neural differentiation including abortive neuritic processes (C, G, respectively) and, at higher magnification, the presence of neurosecretory vesicles (D, H, respectively) suggesting the presence of neurotransmitters (EM as above, X 15,000; inset, X 30,000).
Neurotransmitter biosynthetic enzymes. An interesting feature of NB cell lines is their ability to express biochemical properties of normal neuronal cells (36) . An analysis of the pattern of neurotransmitter biosynthetic enzyme activities revealed a striking difference between NE and NB-N (Table I) . We found cell lines from NE to be characterized by high levels of CAT activity, the rate-limiting enzyme in the biosynthesis of acetylcholine, a neurotransmitter in the parasympathetic branch of the PNS (1 1). However, we detected no activity in these cell lines of either DBH or tyrosine hydroxylase (TH), cathecholamine biosynthetic enzymes that are highly expressed in the sympathetic branch of the PNS. In contrast, the NB-N cell lines we examined contained high levels of TH and DBH but no detectable CAT activity.
While most NB cell lines have been reported to express only neurotransmitter biosynthetic enzymes associated with an adrenergic phenotype, some express a mixed pattern of neurotransmitter biosynthetic enzyme activities (36) . Two cell lines, SK-N-MC and CHP-100, had previously been reported to express CAT uniquely (24, 36). Although diagnosed originally as neuroblastoma, the patients from whom SK-N-MC and CHP-100 were derived had clinical histories (24, 36) that can now be recognized as typical of NE (4) . Furthermore, cytogenetic examination of these cell lines demonstrates evidence of a t(l 1;22) chromosomal rearrangement indicating they are NE rather than NB tumor cell lines (22) . Examination of the neurotransmitter biosynthetic enzymes in these two cell lines as well as in three additional NE cell lines revealed a concordance between the cholinergic phenotype and t(l 1;22) (Table I ). In contrast, none of the 13 adrenergic or mixed adrenergic/cholinergic NB-N cell lines we examined or that are reported in the literature contain this cytogenetic alteration (19) (20) (21) (22) (23) (24) (25) (35) (36) (37) (38) . The association of CAT expression and the t( 1 ;22) in NE cell lines provides further evidence that NE is a biologically distinct entity from NB-N.
Struture ofN-myc gene. One of the most common cytogenetic alterations found in NB-N cell lines are homogeneously staining regions and double minute chromosomes (23, 37, 38) . In several cell lines, these structures have been shown to contain amplification of the N-myc gene (32, 39) . N-myc is structurally and functionally related to the protooncogene c-myc (33, (40) (41) (42) and is expressed at discrete stages of murine development (43, 44). To determine whether N-myc amplification also occurred in NE tumor cell lines, we examined the level of N-myc amplification in adrenergic or adrenergic/cholinergic NB-N and cholinergic NE cell lines by Southern blot analysis (Fig. 2) . This experiment demonstrates that in contrast to NB-N cell lines, NE cell lines contained only a single copy of the N-myc gene. (45) . This cell line may define another subset of NB tumors. Protooncogene expression. Since protooncogenes are known to be regulated in normal tissues in a lineage and differentiation-stage specific manner (1 1, 15) , we examined the expression of several protooncogenes in NE and NB-N cell lines. We anticipated similarities in the pattern of protooncogene expression since both NE and NB-N are of neural origin. However, the differences in neurotransmitter biosynthetic enzyme activity between NE and NB-N suggested that they might be tumors of cells corresponding to different pathways or stages of PNS tissue differentiation and might differentially express some protooncogenes.
Previously, we have reported that neither NE nor NB-N cell lines express detectable c-sis transcripts (46), while both contain high levels ofpp60c-src kinase activity (47, 48) . In this study, we examined the expression of c-myb, another protooncogene with a highly restricted pattern of expression that is regulated during the differentiation of hematopoetic cells (49). Equivalent levels ofc-myb RNA were detected in 7/7 PN and 6/6 NB-N cell lines (Table II) . A representative Northern blot demonstrating c-myb expression in these cell lines is shown in Fig. 3 A.
Since some retinoblastoma tumors express high levels of N-myc RNA without amplification ofthe N-myc gene (50), we studied the expression of N-myc in NE and NB-N. We found that NE cell lines express N-myc (Table II; Fig. 3 B) at low levels, which are comparable to that detected in SK-N-SH (data not shown), a NB cell line that has a single copy of the N-myc gene per haploid genome (32, 39). As expected, NB-N cell lines express high levels of N-myc (51) . We also evaluated these cell lines for the expression of c-myc. The Northern blot shown in B was rehybridized with 32P-labeled c-myc DNA and the results are shown in Fig. 3 C. In sharp contrast to the NB-N Thiele, M. Israel, unpublished results). This is currently under investigation. The altered regulation of protooncogene expression has been implicated in the etiology ofboth experimentally induced and sporadically occurring tumors (10) (11) (12) (13) . One proposed mechanism mediating the altered regulation of a protooncogene is its translocation to another chromosome (52, 53) . Since NE contains a t(l 1;22) (q24; q12) and the c-ets-l protooncogene has been mapped to 1 1q24 (35), we evaluated NE and NB-N cell lines for expression of c-ets-1. We detected moderate levels of c-ets-l mRNA in 6/6 of the NB-N cell lines we examined, while only 3/8 NE cell lines we examined expressed detectable levels of c-ets-l RNA (Table II, Fig. 3 E, our unpublished data). In a more critical examination of the NE cell lines which did not have detectable c-ets-l expression, we evaluated 15 ,g of poly(A)+ RNA and were able to detect c-ets-1 expression in N 1008 (data not shown) but not TC32 or CHP100 (Fig. 3 B) .
While also examined the pattern of protooncogene expression in NE and NB-N tumor tissue. In some cases, tissue was available from tumors that had given rise to cell lines that we have examined in this report. The relative levels and pattern of N-myc and c-myc protooncogene expression (Fig. 4 A, B , respectively) in these tumor tissues are consistent with those seen in the cell lines from the corresponding tumor type. Examination of these same specimens for c-ets-1 expression (Fig. 4 C) indicated that each of the NB-N tumor samples expressed c-ets-l RNA, a finding that complements the observation that this protooncogene is expressed in all cell lines derived from NB-N. We also detected c-ets-l expression in 1 of 2 NE tumor tissues (Fig. 4 C) . In other experiments, we have detected c-ets-1 expression in four of five additional NE tumor tissues (data not shown). These data contrast with the absence of detectable c-ets-l expression in most NE cell lines, although their interpretation is complicated by the known expression of c-ets-1 in stromal and vascular tissues (54, 55) that are present in all tumor specimens.
Discussion
Protooncogene expression in tumors reflects normal cellular processes associated with proliferation, specific stages of tissue differentiation, and perhaps other biologic features that we do not yet appreciate. However, protooncogene expression may also denote underlying genetic alterations that either directly cause or occur as a consequence of tumorigenesis. Our findings that c-src protein kinase activity and the pattern of c-sis and c-myb expression are constant and highly predictable for both NB and NE may suggest that these genes are regulated in a manner that reflects a similar growth or developmental state. In one group of NB tumors we studied, NB-N, N-myc expression was predictably high. However, we found it remarkable that without exception the level of c-myc expression was high in NE, while the level of N-myc expression was low. The altered regulation ofone or both ofthese myc family genes could be important in the etiology of these tumors. The amplification of N-myc DNA in NB-N also supports this possibility. Alternatively, different stages in PNS differentiation may be associated with high levels of expression of these protooncogenes, and these tumors may arise in tissues corresponding to these different stages.
The detection of c-ets-l RNA in each of the NB-N tissue specimens we examined is compatible with the possibility that this gene is also expressed in the normal cell from which this tumor arises. However, of the six protooncogenes we have examined, the only one that had an unpredictable pattern of expression was c-ets-l, and this occurred only in NE and not NB. The location of c-ets-l close to the t(l 1; 22) in NE, suggests that alterations in this gene may have an important role in the development of this malignancy. If such a role were mediated by both regulatory and structural alterations in this gene, as has been hypothesized for the translocated c-myc gene in Burkitt's lymphoma (52), it seems likely that an unpredictable pattern of expression would be found.
Although NB-N and NE appear histologically indistinguishable and have usually been considered as a single pathologic entity, there are clearly cytogenetic and biochemical differences indicating that NE and NB-N are different tumors of the PNS. One striking biochemical difference between NE and NB-N is in the pattern of their neurotransmitter biosynthetic enzyme activities. NE express enzyme activities associated with cholinergic neurons, while NB-N express enzyme activities that are predominantly associated with adrenergic neurons. Another difference is our finding of highly predictable and distinct patterns ofprotooncogene expression in these tumors that suggests that patterns ofprotooncogene expression may also distinguish closely related tumors. The similarities in the patterns ofprotooncogene expression in NB-N and NE are compatible with the origin of these tumors in cells that are ontogenetically related: the differences may reflect unique biologic features ofthe precise cell oforigin or perhaps the genetic events involved in the development of the malignancy. Of particular interest is the finding that in different samples of each tumor type, the pattern of protooncogene expression is largely invariant while marking different biologic entities among these histopathologically indistinguishable tumors. Indeed, other investigators have presented evidence compatible with the possibility that protooncogene expression may define genetically distinct forms of colon cancer (53) . We propose that if patterns of protooncogene expression identify homogeneous subgroups among tumors now recognized to be heterogeneous in their clinical behavior and therapeutic responsiveness, such patterns may be useful as tumor markers to more effectively stratify tumors for study and cancer patients for therapy.
